It was recognized many years ago that the form of the electrocardiogram could be modified by a voluntary increase of breathing pressure, as during the Valsalva manceuvre (Kahn, 1909) . During the early part of the second world war further studies were undertaken by German workers (Zettel and Fink, 1939; Muller, 1941) , and it was found that it was altered even by the small fluctuations of breathing pressure associated with the wearing of a gas mask.
All had considerable experience of pressure breathing. Observations were made with the subjects strapped in an "ejector seat". A pressure breathing helmet and in some instances counter-pressure garments were worn, the equipment being inflated from the compressed air supply via a constant-pressure demand regulator. The desired breathing pressure was attained within five seconds, and thereafter it showed only slight respiratory fluctuations (not more than 2-3 mm. Hg).
Changes of pulmonary blood volume during pressure breathing were estimated by a pressure-spirometer technique . In the present observations, a conventional Knipping spirometer was " pressurized " by placing it in one lock of a decompression chamber. The end-tidal expiratory position and the expiratory reserve were recorded during normal quiet respiration and when pressure breathing, as illustrated in Fig. 1 . Providing that subjects were able to expire maximally to at least the same chest volume when pressurized, the difference between the change of recorded end-tidal position and the change of expiratory reserve is an expression of alterations in the pulmonary blood volume during pressure breathing.* Venous Occlusion. Occluding cuffs around the thighs and arms were inflated to a pressure just below the diastolic level (80 mm. Hg). The bl'ood loss produced is of the following order: with cuffs on thighs only, 375 ml. after 5 minutes and 600 ml. after 10 minutes occlusion;T with cuffs on thighs and arms, 555 ml.
after 5 minutes and 860 ml. after 10 miutes occlusion. According to the data of Glaser and McMichael (1940) , approximately one-half of this volume is derived from the pulmonary vessels.
Radiographic Measurements. Measurements of the cardiac axis, long and broad diameters, have been made in the manner suggested by Roesler (1937) .
RESULTSA
The Normal Electrical Axis of the Heart. Recent statistical studies (Kossman, 1953) have emphasized the wide range of absolute values for the cardiac axis. In the present small series, the greatest variation occurred in the frontal (coronal) plane, although there were also considerable inter-subject differences in the horizontal and sagittal planes. *Fowler et al., 1951, claim However, in any one subject, the mean direction of the cardiac axis was remarkably constant from day to day. In most complexes the R wave of lead I occurred a few milli-seconds prior to the R wave of leads II and 111-a discrepancy that was noted by the earliest workers in this field (see Fahr, 1912) . Careful measurements in subject D.Py. showed the differences in timing to average 63+4 milli-seconds.
Normal quiet respiration produced a swing of 8-17°in the frontal plane (clockwise during inspiration); rotation in the horizontal and sagittal planes were less than half as great. Counterpressure garments covering the entire trunk produced no significant change of electrical axis in the uninflated state. Garments covering the thorax produced only a small (3-4°) clockwise rotation in the frontal plane.
The Electrocardiogram during Pressure Breathing. All subjects showed a large clockwise rotation in the frontal plane. This developed quite rapidly, reaching a maximum value within 10-15 seconds. The rotation at 15 seconds showed some correlation with the breathing pressure (Fig. 2 ), but the relationship was not linear, little further rotation occurring at the higher breathing pressures. At these higher pressures, subjects found it increasingly difficult to prevent voluntary contraction of the thoracic muscles. Some rotation was also observed in the horizontal plane (backwards) and in the sagittal plane (clockwise). group.bmj.com on June 21, 2017 -Published by http://heart.bmj.com/ Downloaded from The range of respiratory fluctuations was somewhat smaller during pressure breathing, despite an increased scatter in the direction of the resultant potential (Fig. 3) . This finding may readily be related to the reduced tidal volume that is typical of positive pressure breathing, particularly during its early phases Shephard, 1956 Two other important cardiographic changes are an increase of the R wave lag, and an alteration in the pulse rate. The R wave phase change is small, but statistically significant. In D.Py. it amounted to 20±5 milli-seconds. Changes of pulse rate differed in sign from subject to subject, and cannot therefore have contributed to the changes of electrical axis. In R.J.S., the pulse rate decreased with pressure breathing, this change being greater at the lower breathing pressures. Subject M.B. also tended to a fall of pulse rate at the lower pressures, but above 0-3 P.S.I.
(39 mm. Hg) there was a consistent rise of rate during pressure breathing. Subject D.Pl. showed an increase at all breathing pressures. Following release of the pressure, all subjects showed a sharp decrease of pulse rate that started within 2-3 seconds and reached a minimum after about 10 seconds-a minimum that was usually well below the normal resting level.
The Effect of Counter-pressure Garments. Rotational changes similar to those described above were noted, but a much higher breathing pressure was required to produce a given amount of rotation. The maximum effect was produced within [15] [16] [17] [18] [19] [20] D.Py. +24-70 As in the experiments without chest counter-pressure, R.J.S. showed a consistent backward rotation in the horizontal plane, while in D.Pl. changes in this plane were small and variable. In the sagittal plane D.Pl. again showed a consistent clockwise rotation, while R.J.S. showed little change. A second type of counter-pressure garment (operating on the capstan principle) was also investigated in subject R.J.S.; rotation in the frontal plane was of a similar order (7.10 at 52 mm., 12-3' at 78 mm., and 17-l' at 99 mm. Hg).
With both forms of counter-pressure, respiratory fluctuations in the cardiac axis were rather less than at rest. The R wave phase lag was apparently slightly greater than in the experiments without counter-pressure, averaging 103±3 milli-seconds at a breathing pressure of 78 mm. Hg in subject D.Py. In all experiments, the pulse rate rose during the period of pressurization; the magnitude of this increase was related roughly to the applied pressure, subject R.J.S. showing a consistently greater response than D.Pl. Following release of pressure, the pulse rate decreased as in the experiments without counter-pressure, but the fall was less precipitous, and the minimum value was usually little below the normal resting value.
Changes of Pulmonary Blood Volume. Measurements by the pressure-spirometer technique suggest that changes of pulmonary blood volume amounted to 400-500 ml. when a subject was provided with trunk counter-pressure.
Subject
Breathing pressure With cuffs on both arms and thighs, a small clockwise rotation was observed, but even at the end of ten minutes it was in no way comparable with the changes observed during pressure breathing, being between 10 and 30 only.
Radiographic Changes during Pressure Breathing. Plates obtained before and after pressurization are illustrated in Fig. 4 It is difficult to measure changes of diaphragmatic level, owing to an increase in the angulation of the ribs, but it is clear that some descent occurs. In the region of the cardiac apex, it may be no more than 2-3 cm., but laterally it is much greater, as shown by the considerable decrease of the costo-phrenic angles.
Changes on Functional Residual Volume. In subject R.J.S., changes of electrical axis with two forms of counter-pressure garment were found to be closely similar. It was therefore of some interest to compare changes of functional residual volume, using these same two garments. Again, very similar values were observed: in garment A, a pressure of 53 mm. produced a change of 677 ml. (mean of 4 observations); in garment B, the change was 607 ml. at 27 mm., 773 ml. at 53 mm., and 940 ml. at 107 mm. Hg. DISCUSSION It is now necessary to consider carefully how far the electrocardiographic changes noted above can be related to alterations in the anatomical axis of the heart. Historical Evidence. The previous papers bearing on this problem have been concerned largely with absolute relationships between cardiographic and anatomical axes. Experimental conditions have often been rather remote from normal physiology, and while some authors have reported a close correspondence between the two axes, others have found considerable differences.
In the classical description of the method for determining the electrical axis (Einthoven et al., 1913) , it was recognized that the technique was empirical and that potential changes recorded from the extremities could be influenced by many variables, including respiration, heart rate (affecting mainly the P and T waves), stroke volume of the two ventricles, and the electrical conductivity of the tissues surrounding the heart. Other inherent fallacies noted in more recent years are the assumptions of (1) an infinitely small cardiac dipole and (2) a homogeneously conducting body torso with no differences of potential between right and left legs. Despite these theoretical limitations, Einthoven and his contemporary Groedel (1912) concluded that the method was satisfactory in practice, and gave a reasonable agreement with radiographic estimates of the anatomical axis. More recent investigations have included the following.
(1) Generation of dipole current in the heart of the cadaver (Fahr and Weber, 1914; Wagner, 1924; Wilson, 1934) . Under these conditions, Einthoven's triangle gave an indication of the electrical axis that was correct to within 3-4O, except in the direction that fluid had accumulated.
(2) Generation of a dipole current in externally placed thoracic electrodes (Wilson et al., 1949) . This method showed a considerable discrepancy between the actual and calculated cardiac axes, but the results were largely invalidated by the abnormal position of the electrodes.
(3) Generation of a dipole current in the rsophagus (Abildskov et al., 1951) . This method suggested a fairly close relationship between the true axis and that calculated from Einthoven's triangle.
(4) Generation of a dipole current in a homogeneous, fluid-filled torso (Frank, 1954) . In this system, quite large departures from the equilateral triangle concept were found. However, it was admitted that the body conductivity differed by as much as 15 per cent from a homogeneous torso, and the results are therefore of limited application to the human subject.
(5) Burger and Milaan (1946) have described an improved torso where some allowance is made for the relatively poor conductivity of the lungs and spine, but the model is still of necessity rather crude, and cannot fully represent the dynamic changes of conductivity occurring in the human. With their model, potential changes could be represented by a triangle, but it tended to be isosceles rather than equilateral in shape.
It seems fair to conclude from this survey, that the precision of the relationship between anatomical and electrical axis is still undecided, largely on account of experimental difficulties.
Specific Problems during Pressure Breathing. Certain specific difficulties attend the measurement of electrical axis during pressure breathing. Of these, the most important is a possible alteration in the electrical conductivity of the viscera surrounding the heart. Einthoven et al. (1913) concluded that such changes did not contribute much to deviations of the electrical axis, since the magnitude of the resultant potential remained fairly constant. Katz and Korey (1935) and Lindner and Katz (1939) have challenged this conventional view. In a series of animal experiments, different aspects of the heart were insulated by a rubber diaphragm, and it was found that under these experimental conditions, a large part of the cardiac potential variations were conducted away from the posterior and inferior aspects of the heart, the air-containing portions of the lungs acting as insulators. Direct measurements of the specific resistance of the body have also shown that the trunk has a resistance about twice that of the limbs (Burger and Milaan, 1943) , and this has again been attributed to the air content of the lungs. In the present study, the R wave phase change suggests that the conduction path to the lower limbs is disturbed during pressure breathing, probably by the altered blood content of the dependent parts of the lungs. On the other hand, this change of pulmonary blood content does not seem responsible for the alteration in electrical axis, since if a similar change is produced by venous occlusion (admittedly at a slower rate) no material change of axis is observed. It may therefore be concluded that displacement of blood from the pulmonary vessels does not influence the validity of the method used to determine the cardiac axis.
Correlation with Other Measurements. It is not possible to determine cardiac rotation with any precision from X-ray plates, but these do serve to confirm the view that there is cardiac rotation of the order suggested by the electrocardiogram. A second and rather more precise comparison is afforded by the correlation between changes of functional residual volume and changes of electrical axis. Again, a satisfactory correspondence is found, both measurements suggesting that in subject R.J.S. two different garments afford a similar amount of counter-pressure.
It may be objected that the descent of the diaphragm is insufficient to permit cardiac rotation, but a simple trigonometrical calculation shows that if the heart pivots about the mid-line of the body, a descent of 2-3 cm. in the region of the cardiac apex would be quite adequate to produce a rotation of 20°. Further, assuming the diaphragm to have an average area of 270 sq. cm. during quiet respiration, a descent of this order would increase the volume of the thorax by from 500 to 800 ml.-an amount that is quite compatible with direct measurements of this change. Descent of the diaphragm should be associated with a disturbance of the normal balance of pressures between pleural and peritoneal cavities, and there is some evidence that such a disturbance occurs during pressure breathing. While the pleural pressure follows the intra-pulmonary pressure to within 5-6 mm. Hg (Howard et al., 1953; Roxburgh et al., 1956) , the intra-gastric pressure often lags as much as 10 mm. Hg behind the increase of breathing pressure (Parry, unpublished observations).
Thus the changes of electrical axis are in keeping with observations made by a number of independent methods, and it may be concluded that the electrocardiographic method indicates at least the order of anatomical rotation of the heart that occurs during pressure breathing.
Significance of Cardiac Rotation. As has been noted, rotation is governed largely by the extent of diaphragmatic descent, and in the relaxed subject shift of the electrical axis is therefore one further measure of the efficiency of counter-pressure (particularly abdominal counter-pressure). However, it is less satisfactory than more direct methods ofmeasurement, since a small diaphragmatic movement can initially produce considerable rotation, but further descent produces progressively less effect. It seems probable that the limiting value of 20°-25°rotation is due largely to this consideration, although one cannot exclude the possibility that the limit of diaphragmatic movement has been reached. There is no evidence to suggest that cardiac rotation of this order has any adverse effect on circulatory function, and indeed in the recorded cases of misadventure during pressure breathing, death has usually been secondary to pulmonary damage.
Changes of Thoracic Blood Content. Changes in the blood content of the heart and lungs also merit brief discussion. All previous measurements seem to have been made without trunk counterpressure. Methods have included the titre-board , changes in the vital capacity following a Valsalva manceuvre (Bahnson, 1951) and measurements of the residual air (Fowler et al., 1951) . These studies (mainly in the supine position) have shown that the volume of blood displaced is roughly proportional to the breathing pressure, a maximum of about 500 ml. being expressed within a few seconds at a breathing pressure of 30 mm. Hg. Even allowing for differences between the sitting and supine positions, the present study suggests that a higher pressure is necessary to displace a given volume if trunk counter-pressure is provided, and that this difference is even more pronounced if counter-pressure is provided over the lower limbs.
The heart makes a significant contribution to the total alteration of thoracic blood content during pressure breathing. Referring to measurements of the cardiac silhouette, the decrease of broad diameter is considerably greater than the change of long diameter. This is because the broad diameter is decreased by concurrent backward rotation, while the long diameter is increased by clockwise rotation in the sagittal plane. The true change of diameter is somewhere between these two estimates-perhaps 6 per cent in garment A, and 4 per cent in garment B. From Roesler's figures (1937), the average cardiac diameter is 10-11 cm., giving a total volume for the heart mass of some 500 ml. Calculation shows that if the diameter of this mass is reduced by 5 per cent, then the total volume decreases by approximately 75 ml. and neglecting small changes of muscle volume, it must be presuimed that the heart sustains a blood loss of this order during pressure breathing.
SUMMARY
Positive pressure breathing produces a rotation of the manifest electrical axis of the heart. In the frontal plane, rotation occurs in a clockwise direction, reaching a limiting value of 20-25' with increase of pressure. For a given pressure, rotation is less if trunk counter-pressure is provided.
There is an associated displacement of up to 500 ml. of blood from the heart and lungs, varying in amount with the breathing pressure and efficiency of counter-pressure. However, this does not seem responsible for the change of electrical axis, since a comparable change of blood volume produced by venous occlusion has little effect on the electrocardiogram. The blood loss from the dependent parts of the lung appears to do no more than slow the conduction of potential changes to the lower limbs.
There is sufficient agreement between changes of electrical axis, radiographic appearances, abdomino/pleural pressure gradients, and direct measurements of changes in functional residual volume to suggest that the electrocardiograph is indicating at least the order of anatomical rotation of the heart during pressure breathing.
Cardiac rotation appears related to descent of the diaphragm (probably through a cosine function), and is to this extent a measure of the efficiency of abdominal counter-pressure during pressure breathing. There is no evidence that rotation of the order noted has any adverse functional effect.
The author is indebted to Squadron Leader Howard for the X-ray plates, and to Flight Lieutenant Ernsting for one of the electrocardiograms.
